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JET FUEL FROM SHALE OIL OVERVIEW

| Herbert R. Lander and Eva M. Conley

Air Force Wright Aeronautical Laboratories
Aero Propulsion Laboratory

Wright-Patterson Air Force Base, Ohio 45433

Edmund J. Rolinski
Chemical Engineering Department
University of Dayton
Dayton, Ohio 45469

In order to accomplish its basic mission -~ aircraft operations - the
Air Force must maintain large numbers, as well as a wide variety, of air-
craft. The Air Force currently has over 9,300 aircraft in its inventory.
The largest number of these are fighters which are high-technology, high-
performance aircraft necessary for combat support and air-to-air missions.
To operate its aircraft, the Air Force requires large amounts of jet fuel.
During fiscal year (FY) 1980, the Air Force consumed 87 million barrels
(3.7 billion gallons) of jet fuel. The total petroleum usage by the Air
Force for FY 1980 was 89 million barrels which was 61 percent of the Defense
Department's (DOD) requirement which is 2.8 percent of the petroleum require-
ment of the United States.

The Air Force has complied with various presidential and DOD directives
and has managed to accomplish its energy~intensive mission at reasonable
costs. In spite of drastic efforts to reduce jet fuel consumption, the Air
Force's energy costs have risen more than 125 percent since FY 1973, even
though its energy usage decreased by about 38 percent, from 143 million
barrels in 1973 to 87 million barrels in 1980. The energy savings in air-
craft operations since 1973 have resulted from avoidance of flying hours
which were reduced from 4.9 million hours in FY 1973 to 3.2 million hours in
FY 1979. This reduction in flying hours was to some extent the result of a
decrease in the total number of active aircraft, from 10,800 in FY 1973 to
the current figure of about 9,300, and the use of aircraft simulators for
training. In addition, procedural changes - including improved mission
planning, training activities, and ground, departure, enroute and arrival
operations - and equipment modifications to improve aerodynamics and the
efficiency of aircraft propulsion systems also contributed to the reduction
of aviation fuel consumption. (1)

Since the OPEC 0il Embargo of 1973 when the United States, as well as
the rest of the world, was alerted to the end of an era of inexpensive and
plentiful energy, conservation has become a way of life. The Air Force has
directed research and development efforts at alleviating the magnitude of
the problem and its impact on national security by evaluating the potential
of domestic alternative sources of jet fuel.
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The United States Air Force Aviation Turbine Fuel Technology Program's
primary goal is to improve the availability of jet fuel and this includes
the evaluation of alternative sources. The routes toward accomplishing this
goal are by relaxing military jet fuel specifications, thus permitting reduc-
tion in processing severity of conventional petroleum based crudes, and by
determining the feasiblity of producing aviation turbine fuels from alter-
nate sources such as oil shale, and possibly, coal liquids.

From an early study with Exxon Research and Engineering, domestic oil
shale was determined to be the most viable near term alternative source of
syncrude available for processing into military aviation jet fuels (2).

The key to converting shale oil into any transportation fuel is an upgrading
step whereby the nitrogen level is reduced. Once this is accomplished, the
syncrude can be processed in conventional refineries without nitrogen destroy-
ing the processing catalyst. Resulting from this study and as a part of the
Air Force Aviation Turbine Fuel Technology Program, a program entitled, "A
Program Leading to Specifications for Aviation Turbine Fuels Produced from
Whole Shale 0il" was initiated.

In 1979, the Aero Propulsion Laboratory's Fuels Branch embarked upon a
program to define and develop processing technology to economically produce
high yields of specification military jet fuels from whole crude shale oil. !
The program began with contractual awards to Ashland Petroleum Company,
UOP Process Division and the Suntech Group. Each company proposed a differ-
ent approach and processing scheme for progressing through the phases. The
final and ultimate goal being a high yield, economic refining process with
the ultimate potential for commercialization. These four phases were:

PHASE I - Preliminary Process Analysis

PHASE II - Bench Scale Process Evaluation

PHASE III - Pilot Plant Process Evaluation

PHASE IV - Overall Optimized Economic Evaluation

Each contractor has provided quantities of shale derived jet fuel sam-
ples for tests and evaluations to ascertain fuel characteristics which will
be related to fuel performance in other phases of the total Air Force effort.
Each contractor has also evaluated the economics of his processing scheme.
The processing schemes used met the following goals:

a. Be novel yet show demonstrated potential for scale-up

b. Maximize the yield of jet fuel while limiting the yield of residual
fuel to no more than ten percent of the products

c. Have an overall thermal efficiency of at least 70 percent




d. Have potentially lower costs for converting whole crude shale o0il
into a slate of military specification products than "state-of-the-art'
processing as exemplified by the noteworthy Chevron Research Company effort
under a Department of Energy contract (3).

Another Air Force shale 0il related program recently completed with Amoco
0il Company investigated catalyst properties and developed a hydrotreating
catalyst with the potential for having a higher nitrogen tolerance than
existing hydrotreating catalysts. Catalyst compositions and substrates were
varied in order to determine the best possible combinations.

This 1981 Shale 0il Technology Review culminates the Air Force's shale
0il related programs and efforts over the past three years. Results of
these processing and combustion studies will enable the Air Force to embark
on an operational use of o0il shale derived jet fuel. This part of the orig-
inal program will be coordinated with the recent amendment to the Defense
Production Act in the Energy Security Act of 1980. The Air Force has iden-
tified various bases for the first commercial shale oil production and this
could materialize as early as 1983,

Thus, in many ways, we are today in the midst of an exciting era, and
for many -- a dream come true. It is the fantasy of the '"rock that burns",
0il shale, and an emerging synthetic fuels technology industry which has
sputtered for many years. Industry has taken the lead to establish a new
technology base for a bridge between fossil fuels and renewable fuels, a
bridge which may last for a long period of time.

Such projects as the Union 0il Company project which is scheduled to
have the first commercial production of oil from Colorado shale in 1983,
the Colony project design plans and construction by Exxon, the projects of
Rio Blanco, Occidental, White River and others, form the basis of new and
renewed technology and social commitments for the recovery of over 600
billion barrels of shale oil in the United States. Announced early this
year, United States shale oil projects are projected to yield a total of
480,000 barrels of shale oil per day by 1992.

The "liquid that burns', JP-4, and its continued supply has made the
Department of Defense a concerned consumer of fossil fuels. Projected needs
for continued supplies of turbine fuels cause the Air Force to be a concerned
consumer of synthetic fuels -- therefore, the Air Force has been instrumental
in the development of the 'rock that burns". It has been a shared partner
in the technological advances of the o0il shale industry when it awarded con-
tracts on the preliminary process designs and bench scale evaluations of
shale oil products in 1979.

Therefore, we can simply state the objectives of this technology review
by the transformation of the 'rock that burns" to the '"liquid that burns"
and the important technological steps which are needed to make this trans-
formation a reality.
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INTRODUCTION

The overall objective of the program developed by UOP Inc. was to
demonstrate innovative technology to reduce the cost of converting shale oil
to high yields of aviation turbine fuels. The purpose of this presentation
is to highlight the results of the work completed under Phases III and IV of
DOD contract F33615-78-C-2079.

The UOP approach to shale oil conversion to high quality fuels involved
three distinct processing steps: two stages of specifically designed hydro-
treating, followed by hydrocracking using an advanced process flow scheme.
Previous work completed in this program has been presented in reports of
Phases I and II submitted to the USAF and at the 1980 Technology Review
sponsored by the Air Force Wright Aeronautical Laboratories Fuels Branch of
the Aero Propulsion Laboratory, Wright-Patterson Air Force Base.

The scope of this presentation is necessarily limited and is not
intended to serve as the final report of this project. Topics to be reviewed
include pilot plant processing, spent catalyst treating, shale oil fouling,
shale o0il compatability and stability, and shale o0il upgrading economics.

PILOT PLANT PROCESSING RESULTS

The pilot plant work to be reported includes both first-stage
hydrotreating and hydrocracking studies. In the hydrotreating operation,
catalyst stability was to be demonstrated. The hydrocracking operation was
conducted to produce fuel samples required by the USAF and also to get a
preliminary indication of catalyst stability.

First—Stage Hydrotreating

A six-month first-stage hydrotreating run was made to provide additional
processing and catalyst stability data required to support the equipment
design of the plant. The specific data needed for this design work were the
effect of metals deposition, particularly arsenic and iron on catalyst activ-
ity and stability.




A schematic diagram of the plant used for this run is shown in Figure 1.
Fresh feed and hydrogen are combined and flow concurrently downflow over the
catalyst. The effluent passes to a series of separators where the gas
(nainly hydrogen) is separated, water scrubbed, and recycled back to the
reactor together with makeup hydrogen. The liquid is sent to a stripper to
renove hydrogen sulfide and ammonia and is then collected under nitrogen in a
glass receiver.

The processing objective was to stabilize the material and reduce the
arsenic content to less than 1 ppme Process conditions used are comparable
to those commercially employed for hydrotreating a coke oven light oil. The
catalyst was one of UOP's proprietary catalysts for processing feeds with
high metals content.

The feedstock was an Occidental shale oil produced from a modified

in~situ retort. The "as~received" shale o0il was dewatered and desalted in a

two~stage electric desalter. Inspections of the treated shale oil are shown
in Table 1. This 22.9 °API gravity material contained 1.51 wt~% nitrogen,
27.5 ppm arsenic, and 45 ppm iron.

The catalyst maintained its activity for both metals removal and
hydrotreating over the entire 170-day run. As shown on Figure 2, the product
arsenic content was maintained at less than 0.2 ppm and the iron at less than
1 ppm. About 32% of the nitrogen and 90% of the sulfur were removed from the
feed.

The product inspections in Table 1 show that the hydrogen content was
increased from 12.3 to 12.6% and the Conradson carbon content was reduced by
about 70% The overall yields shown in Table 2 include a Cg plus product in
the range of 99 wt-% At the end of the run, the catalyst was unloaded in
five sections. It was free flowing and showed no signs of fouling. In gen-
eral, it showed the pattern of higher to lower concentration of metal deposi-
tion from catalyst inlet to outlet.

Fouling did occur three times during the course of the run. Each time,
a deposit was formed at the top of the quartz chip preheater zone which
caused a high pressure drop across the reactor, resulting in a "forced"
shutdown. The reactor was opened and the fouled material removed and
replaced. No loss in catalyst activity was observed as a result of these
shutdowns. The composition of the fouled material was quite similar. The
data in Table 3 show the analyses of preheater material after 3073 hours on
stream. The major constituents found on the quartz chips were carbon, hydro-
gen, arsenic, iron and sulfur, the remainder being trace metals.

Based on the results of the six-month first—stage hydrotreating
operation, it is concluded that:

1. The UOP catalyst maintained its activity and stability for arsenic
and iron removal over the entire 170~day run.




A total of 30 wt-% metals was accumulated on the catalyst during
the course of the run.

3. Product arsenic was consistently below 1 ppm and iron at 1 ppm or
less.

4, The fouling which occurred in the pilot plant preheater zone must
be considered in the design of a commercial unit.

Hydrocracking

Production of Fuel Samples

One of the objectives of the Phase III hydrocracking program was to
produce five—gallon samples of JP-4, JP-8, diesel fuel marine (DFM) and motor
diesel (DF-2) for the USAF for further laboratory testing.

In the hydrocracking flow scheme, fresh feed, recycle liquid, recycle
gas, and makeup hydrogen are charged to the reactor section. Gas is recycled
from the high pressure separator. The reactor liquid effluent is charged to
a series of separators that produce liquid product and a recycle liquid
stream. In the pilot plant operations, reactor temperatures were adjusted to
achieve 100% conversion of the feed to products. During these operations, no
bottoms product was withdrawn as net product.

The hydrocracker feedstock is a second-stage hydrotreated Occidental
shale 0il, whose properties are shown in Table 4. This stock was produced by
hydrotreating the first-stage product at relatively severe condition to
reduce the high levels of impurities such as nitrogen and oxygen that are
still present. The measured nitrogen content of the material was 780 ppm.
The sulfur content was 139 ppm, the oxygen content 545 ppm, and the bromine
number 1. 1.

The shale oil hydrocracking process conditions used in the production
run are comparable to those for hydrocracking a petroleum vacuum gas oil.
The product distribution obtained when hydrocracking the hydrotreated Occi-
dental shale oil to make JP-4 and JP-8 are shown in Table 5. The JP-4 yield
was better than 84 wt-Z, and the chemical hydrogen consumed was 1029 SCFB.
The JP-8 yield was 75 wt-% and required 921 SCFB of hydrogen.

The inspections of the JP-4 jet fuel sample are shown in Table 6 along
with the USAF specifications. With the exception of the slightly high 50 and
907% points of the distillation and the conductivity, this product meets all
U.S. military specifications and should be environmentally acceptable in view
of the low nitrogen and sulfur contents. The combustion value is some 300
Btu/1b higher than required and is a reflection of the high hydrogen content
obtained in the parallel flow hydrocracking operation.

Inspections of the JP-8 jet fuel produced are shown in Table 7, along
with the USAF specifications. These inspections meet all of the U.S. mili-
tary specifications except for freeze point (-54°F vs. -58°F) and
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conductivity. These can be easily met by slightly lowering the end point and
including an additive, respectively. The combustion value is 200 Btu/1lb
higher than required and again shows the high hydrogenation capability of the
parallel flow hydrocracking operation.

The product distributions for hydrocracking the hydrotreated Occidental
shale oil to DF-2 and DFM are shown in Table 8. The yields of 98.6 wt-% and
96.2 wt-% were achieved for DF-2 and DFM, respectively. To produce the same
product end point, the chemical hydrogen consumption was 800 SCFB for both
the DF-2 and DFM cases.

Inspections of the DF-2 and DFM, together with the U.S. military
specfications, are shown in Tables 9 and 10, respectively. These inspections
show that the diesel fuels met all specifications.

Both diesel fuels show excellent stability and, with their low nitrogen
and sulfur content, they should be environmentally acceptable. In addition,
their low acid numbers, copper strip corrosions, sediments, particulates,
excellent stabilities, and high cetane numbers should pose no problems for
storage and use in engines.

Catalyst Stability Demonstration

A second objective in the Phase III hydrocracking program was to make an
extended catalyst stability study to provide information regarding longer
term effects of processing shale oil in the proposed UOP turbine fuels refin-
ery and to assess the advantage of parallel flow over single~stage hydro-
cracking in terms of catalyst stability.

The stability run was made in the same hydrocracking operation used for
the sample production. After the diesel samples were made, the plant was
switched to the JP-8 mode, and the operation continued for a period of 1200
hours.

The deactivation was measured by the degrees of reactor temperature
increased per unit of operating time required to maintain constant conversion
to a specified product end point. In this case, the end point was that
required to make JP-8 jet fuel. Results of the run are shown in Figure 3.

The rate of deactivation is slightly lower than was reported for a similar
operation over a shorter period of time in the Phase II program and as shown
in the Phase II report, much improved over the expected result for the single-
stage operation.

Overall Conclusions

Based on the results of these hydrocracking operations, it was concluded
that:

1. The parallel flow hydrocracker can produce military turbine fuels
and diesel fuel in excellent yields.
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2. These fuels not only meet, but exceed military specifications,
particularly in combustion value and nitrogen and sulfur content.

3. The parallel flow hydrocracker offers improved catalyst stability
when compared with single-stage hydrocracking.

ARSENIC MANAGEMENT STUDIES

Shale oils produced by current retorting operations contain arsenic in
such concentrations that it deserves special attention. Two approaches to
the shale oil arsenic management problem have been investigated in this
program:

1. Crude shale oil arsenic solubilization

2. Deposited arsenic passivation or extraction.

Shale 0il Arsenic Solubilization

The first technique investigated involved converting the arsenic in the
raw shale oil to a water soluble compound. This might be accomplished by
injecting a reagent downstream of the retort into the oil-water mixture.
With intimate mixing of the reagent, o0il and water may convert the arsenic
into water soluble compounds. After the two phases are allowed to coalesce,
the water phase is drained off leaving a shale o0il with reduced arsenic
content. The water containing arsenic could then be further treated, if
necessary, to render it environmentally safe.

Desalted Occidental shale oil with 19 ppm arsenic was utilized as the
hydrocarbon source for a series of experiments attempting to convert arsenic
into water soluble compounds. For these experiments, the water, reagent and
shale 0il were intimately contacted utilizing a shear-type mixer. Each test
was performed by mixing the oil and water for 15 minutes at about 95°C. The
type of emulsion formed while adding various reagents was observed, and the
arsenic level left in the oll was measured after each test.

A summary of results is shown in Table 11. Arsenic solubilization
ranged from 13 to 52% The removal of arsenic was probably accomplished by
the formation of an insoluble material that is associated with the emulsion.
The use of a wide range of reagents along with shear mixing to effect water
solubilization of arsenic from shale oil does not appear to be very
promising.

Arsenic Passivation and Extraction

The high concentration of arsenic in the raw shale oil and its removal
and containment on the first-stage hydrotreater catalyst poses some special
handling problems. Before arsenic-laden catalysts can be disposed of as
non-hazardous wastes, the aqueous solubility of arsenic as measured by the
EPA Toxicity test must be reduced to less than 5 ppms In an effort to meet
this requirement for safe disposal, the following objectives were considered:
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1. Ascertain the composition of arsenic-containing species on used
catalyst.

2, Determine the arsenic solubility of aqueous extracts of used
catalysts.

3. Evaluate methods of passivating soluble arsenic.
4, Determine the effect of various gases on arsenic volatility.

5. Evaluate the extraction behavior of arsenic from untreated and
thermally treated used catalysts using various solvents.

6. Determine the conditions for complete dissolution of used
catalysts.

Experimental Procedure

Samples of used catalysts were thermally treated in a l-inch silica tube
under controlled atmospheres. Five gram samples of thermally treated and
as-received catalyst were extracted in 200 ml of various solvents on a wrist
shaker for 3 hours.

Elemental Analysis

The elemental analyses of spent catalyst beds removed from two
first-stage hydrotreating pilot plant reactors show that the arsenic concen-
traticn declines rapidly downward through the bed. As shown in Table 12,
iron exhibits a similar profile while the remaining elements are fairly
evenly distributed. The major difference between the two catalysts is the
much higher arsenic level on the used catalyst designated as Number 2. The
relative concentrations of the arsenic and iron throughout the catalyst bed
are not significantly different.

An identification of the arsenic compounds present on the catalyst was
considered necessary in order to determine the best methods to either fix the
leachable arsenic by further chemical reaction or convert the arsenic into a

_highly soluble form. X-ray diffraction patterns obtained for the two samples
were analyzed and the results are summarized in Table 13. The peak positions
were calculated, and a manual search was made of the powder diffraction files
in order to determine which compounds were present.

The ®~-Al1703 of the catalyst base is a major component in both samples.
Trace levels of =quartz and boehmite were also detected. The rest of the
standard patterns listed fit the sample patterns well, but the actual compo-
nents present may have slightly different compositions.

Botb samples contain a major phase similar to pyrrhotite (Fe(l_x)s,
where x _ 0.1). A slight increase in sulfur content would lead to a mixture

of pyrrhotite and pyrite (FeS3). There is evidence of pyrite in the sample
designated "Catalyst 1".

12




—— v—m

Coq, 84NiQ, 16As1, 04 is the cobalt analog of niccolite (NiAs)j. Their
patterns are similar. The peaks in the pattern more closely match the former
(Coq, 84Niq, 16451, 04); however, the actual compound present may have a formula
somewhere between the two arsenides.

Although some of the peaks for the two used catalysts match the pattern
of Cug4As(2S3], there was no copper detected in the elemental analysis. It
is possible a similar compound was present with other metals substituted for
the copper.

The chloroform-washed samples were subjected to a modified EPA Toxicity
test for arsenic. The modification in procedure was the use of 10 grams in
place of 100 gram samples. As shown in Figure 4, the As solubility of the
chloroform-washed catalyst appears to be a linear function of the As content
of the catalyst. In order to meet the EPA limit, the catalyst would have to
contain less than 0.2 wt-% As.

Metal salts were blended with the used catalyst, then heated in an inert
atmosphere in an attempt to fix the arsenic as metal arsenides or metal
arsenous sulfides. It was anticipated that conversion to these compounds
would cause the arsenic to be less soluble; however, as shown in Figure 4,
this proved not to be the case.

The EPA test was performed on several used catalysts that had been
previously extracted with sulfuric and nitric acid@—golutions. The arsenic
solubility was decreased; however, the arsenic level remaining on the cata-
lyst was still too great for direct disposale As shown in Figure 4, in order
to meet the EPA limit, it will be necessary to reduce the As content on the
catalyst to about 0.5 wt-Z.

If essentially all of the arsenic could be volatilized in a roasting
process, arsenic collection would be feasible. Considering the relatively
high vapor pressures of arsenic, arsenic sulfide and arsenic oxide, it
appears that arsenic would be removed at elevated temperatures in either
oxidizing, reducing, or neutral atmospheres.

As shown in Figure 5, the volatility of arsenic from spent catalyst was
dependent upon temperature, residence time and atmosphere. It appears that a
temperature of about 500°C is required to break down the original arsenic
minerals and to ensure adequate vapor pressure of volatile species. If the
rate of arsenic volatilization can be increased, arsenic might be recovered
by such a process.

Extractants were chosen to discern the state of arsenic present on the
catalyst following thermal pretreatment. HoS04/FeCly and HNO3 are strong
oxidizing agents capable of oxidizing sulfide minerals. Sulfuric acid is a
non-oxidizing acid which can solubilize sulfates and arsenates. Sodium
sulfide forms complex anionic arsenous sulfides which are highly soluble.
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Arsenic extraction results from catalysts that were thermally oxidized
at the severe conditions of 500°C in 5% 0 were very similar. The data shown
in Figure 6 indicate that the arsenic has probably been converted to an
arsenate.

The data plotted in Figure 7 indicate that catalysts pretreated under
rather neutral conditions, 25% Hp0/75% Ny, were more effectively extracted
with oxidizing acids than with the other leachants. The arsenous sulfide
minerals are only beginning to be broken down at the highest temperature,
600°C.

As shown in Figure 8, using SO; in the thermal treatment step produces a
different response to the extractants. At temperatures below 500°C, the SO3
atmosphere produced little change in arsenic chemistry. At 500°C, SO3
reacted slowly with carbon to form sulfur and CO2 and converted the metal
arsenous sulfides to more leachable forms. All of the extractants remove
approximately the same level of arsenic.

None of the thermal pretreatments produced a material that allowed high
levels of arsenic extraction. In the best case, about 80% of the arsenic was
removed by a combination of thermal treatment and leach extraction. Increas-
ing the leachant concentration to increase the arsenic extraction would
result in considerable alumina dissolution.

An alternate approach to arsenic recovery utilized solution oxidation.
Acid digestion of as-received used catalyst was performed in a stoichio-
metric quantity of sulfuric acid assuming the catalyst weight to be entirely
Al703 with the following reaction:

Al,03 + 3 HpSO4 ™ Alp(SO4)3 + 3 Hp0

The digestion was carried out under reflux for 8 hours. In order to obtain
high recoveries of the elements, the reaction had to be carried out at a
positive solution potential. This was accomplished by adding 3 wt-% HNOj3 to
the sulfuric acid. As shown in Table 14, 90% recovery of arsenic was
achieved with both the 10 and 20 sulfuric acid solutions. Only molybdenum
was poorly recovered in this solvent; however, molybdenum can be recovered
from the residue using other techniques. Digestion of thermally treated
catalysts was not as effective in recovering arsenic as solution oxidation of
the as-received used catalyst.

Conclusions

1. Used catalysts from processing shale o0il will contain higher levels of
soluble arsenic than allowed by the EPA for non-hazardous disposal.

2. Much of the arsenic is present on the catalyst as thermally stable metal
arsenides and metal arsenous sulfides.

3. It was not possible to fix or passivate the arsenic on the catalyst in
an insoluble form by thermally treating the catalyst with or without
additives.
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4, Leachants, which do not dissolve excessive quantities of alumina,
extract only about 20% of the arsenic from non-thermally treated
catalysts.

5. Of the thermal treatments investigated, only dilute oxidizing atmos-
pheres, 5% 0y or less, at elevated temperatures, > 500°C, for extended
time result in appreciable arsenic volatilization. This indicates that
arsenic is not present on the catalyst as a simple sulfide, oxide or
metallic compound.

6. Increasingly severe thermal pretreatments allow up to 75% of the arsenic
to be extracted by dilute leachants.

7. Both temperature and gas composition are important variables in convert-
ing the arsenic to a leachable form.

8. Results of toxicity tests on previously treated catalysts indicate that
high extraction levels are necessary before the residue is acceptable.

9. Digestion of as~received spent catalyst requires a high solution poten-
tial in order to achieve good extractions.

10. Digestion of thermally oxidized catalysts yields poorer arsenic extrac-
tions than from solution oxidation of as-received catalysts.

11, Topics worthy of further investigation include the evaluation of differ-
ent ratios of As, Fe, C and S on arsenic volatility and solubility; the
recovery of arsenic by thermal means; the development of methods to
recover arsenic from acidic solutions; and the determination of the
minimum acid necessary to achieve good extractions of arsenic without
excessive dissolution.

SHALE OIL FOULING STUDY

The objective of the fouling study was to evaluate the relative thermal
fouling characteristics of shale and petroleum base stocks. This was accom-—
plished using the Monirex® Fouling Monitor which quantitatively determines
the fouling rate of a heated wire probe in a circulating oil stream.

It was previously reported (Phase II) that a desalted Arabian Light
Berri crude oil is a relatively low fouling base stock. A kerosine derived
from this oil fouled at a still lower rate. A desalted crude Occidental
shale 01l fouled at a lower rate than the raw shale oil, and at approximately
the same rate as the desalted Arabian Light Berri oil. Fouling data obtained
with a desalted Paraho oil indicated a relatively low fouling material
although these data were suspect due to the unknown history of the sample.

During Phase III of this program, it was shown that sample aging had a
significant effect on the rate of fouling of both the petroleum and shale
oils. As shown in Figure 9, aging for approximately 9 months at 4.4°C
decreased the 300°C fouling rate of the desalted Arabian Light Berri
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petroleum o0il by 39% and the desalted Occidental shale oil by 59%. These
data emphasize the need for fresh samples to obtain meaningful fouling data.

Fouling tendency interactions between shale oil and petroleum were also
investigated. The data on Figure 10 show that blending 10 to 30%, by weight,
of the desalted Occidental shale o0il had no significant effect on the fouling
praoperties of the desalted Arabian Light Berri oil.

A comparison of the fouling tendencies of various materials derived from
Occidental shale oil is shown on Figure 1l. A severely hydrotreated desalted
shale o0il had a very low fouling rates. A JP-8 fuel derived from the hydro-
treated Occidental shale oil had a fouling rate somewhat higher than the
hydrotreated oil. As a point of comparison with the 4 x 1073 fouling rate
observed with the shale-derived JP-8 at 400°C, the kerosine from the Arabian
Light Berri oil fouled at a rate of 11 x 10-3,

A relatively fresh sample of a desalted Paraho shale oil (3 months) was
found to be a high fouling material with a rate of 35 x 1072 at 225°C. A4s
shown in Figure 12, the addition of 40 ppm of a proprietary antifoulant
reduced the fouling rate at 225°C to 12 x 1072,

Although fouling resistance data under specific field processing
conditions were not available, it has been reported that the Paraha shale oil
was high fouling and the Arabian Light Berri and a derived kerosine were
relatively low fouling materials.

Because sample aging had a significant effect on fouling
characteristics, it is recommended that future fouling studies be done with
fresh samples. Kinetic studies are feasible with the Monirex Fouling Monitor
and the foulant remaining on the wire probe can be characterized with various
analytical techniques. It is recommended that detailed studies be made to
analyze these deposits to permit the development of a fouling mechanism.

SHALE OIL/CRUDE OIL COMPATIBILITY AND STABILITY STUDY

The objective of this study was to determine the compatibility/stability
of primary shale oils and treated products with petroleum crude oil. The
compatibility of shale oils with petroleum crude oil is an important consid-
eration in their blending, particularly with respect to co-processing shale
oil/petroleum crude oil blends in existing refineries. The resulting blends
should form a homogeneous mixture that neither separates nor is altered by
chemical interaction. The physical and chemical properties of the blend
should not be adversely affecteds The stability in storage is also of con-
cern. Whereas many studies have been made on the stability of petroleum
liquids, stability studies of shale oils have been limited by unavailability
of shale oils. Their resistance to chemical change and to physical disin-
tegration on storage is not well known.
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Methodologx

Compatability studies were conducted on a shale oil/crude oil blend
consisting of 30 vol-% shale oil. The compatibility of the blend was deter—
mined by comparing the experimental values of viscosity, heptane insolubles
and toluene insolubles of the blend to calculated values. The calculated
value of viscosity was determined from a viscosity blending chart. The
calculated value of heptane insolubles and toluene insolubles was determined
from the amount of insolubles present in each of the original samples.

Stability studies were conducted on deoxygenated samples of the
petroleum crude oil, shale oil, treated shale oil products and a 30/70 shale
oil/crude o0il blend. The stability tests selected for study were three
months 110°F Dark Storage Fuel 0il Stability Test; E.I. DuPont de Nemours and
Co., 300°F Accelerated Fuel 0il Stability Test; and ASTM 2274-74, Oxidation
Stability of Distillate Fuel 0il. These tests are applicable to distillate
fuels and were modified to permit stability testing of petroleum crude oils,
shale oils and blends. To assess the stability, formation of adherent insol-
ubles and changes in heptane insolubles, toluene insolubles and viscosity
were measured.

Description of Samples

The crude oil selected was a heavy Arabian crude. The primary shale
oils selected were a raw Paraho shale oil and raw Occidental shale oil.
Treated shale oils selected for study had been subjected to single-stage and
two-stage hydrotreatment. A complete analytical description of all samples
is given in Tables 15 and 16« The compatibility «und siability results of the
blended samples are given in Table 17.

Discussion of Results

The raw shale oils and hydrotreated products were found to be compatible
with the heavy Arabian crude oil. As shown in Table 18, good agreement is
obtained between calculated and analyzed values for viscosity, heptane insol-
ubles, and toluene insolubles.

The heavy Arabian crude oil, raw shale oils and the low pressure
hydrotreated shale oils indicated some degree of instability. As illustrated
on Figure 13, the raw Paraho shale oil, particularly with respect to viscos-
ity, was more stable than the heavy Arabian crude oil. Both the crude oil
and Paraho shale oil show some instability with respect to heptane insolubles
content as a result of the three-month 110°C Dark Storage Test. As shown on
Figure 14, the crude oil heptane insolubles content increased from 4.6 to 6
wt-%; the raw Paraho shale oil insolubles went from 0.2 to 0.9 wt-% Similar
results were found with the blends containing the Occidental shale oil
materials. ’

Stability of the shale oil increased with hydrotreatment. The two-stage
hydrotreated Paraho and Occidental shale oils were stable. Instabillty
reflected in the shale oil/petroleum crude oil blend is accounted for to a
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great extent by the instability of the petroleum crude oil. Blending of the
shale oil/petroleum crude oils should have no adverse effects in
co-processing.

SHALE OIL UPGRADING ECONOMICS

In addition to selecting a novel conversion processing scheme for high
jet fuel yield, the proposed flow scheme should help provide a realistic and
economical solution to the problem of shale oil conversion. The UOP process-—
ing scheme, as shown in Figure 15, provides for the removal of arsenic and
stabilization of the raw shale oil in a relatively moderate, first-stage
pretreatment step. Denitrification is accomplished in a more severe, second-
stage hydrotreatment. Finally, the upgraded shale oil is converted to trans-—
portation fuels in the hydrocracker. Hydrocracker jet and diesel fuel prod-
ucts do not require further treatment, thus providing an overall cost benefit
for this processing scheme.

The basis for establishing the processing scheme and developing reliable
estimates of external requirements and investment costs for the key process-
ing units includes the following:

A. The refinery design and flow schemes are based on processing
100,000 BPSD of desalted Occidental shale oil.

B. Two primary products -- JP-4 and JP-8 aviation turbine fuels —- are
required. Coproducts such as various grades of diesel fuel, fuel
oil, motor gasoline, aviation gasoline, or other grades of turbine
fuel may be produced.

c. Only commercially proven processes are to be considered in the
refinery processing schemes.

D. There are no outside feed streams to be processed with the raw
shale oil. Fuels for heating are to be internally generated.

E. The refinery is assumed to be a grassroots facility located at a
Rocky Mountain site.

F. Capital Investment

1. Western U.S. location

2. 100,000 BPSD crude shale oil capacity

3. First quarter 1981 cost base

4, 100% equity financing

5. Investment timing over a three year construction period
a. 25% first year
b. 50% second year
Ce 25% third year

6. 10% investment tax credit

7. 45% of plant onsites (not including feed and product storage)
will be used to generate plant offsite cost.
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G.

28

I.

J.

Working Capital

1.
2.
3.
4,
5.

21 days crude storage capacity with 14 days crude inventory
14 days product storage capacity with 7 day product inventory
Crude shale o0il valued at $40.00.per barrel

Product valued at determined cost

Debt financed at 15%

Capital Return

1.
2.
3.

15% DCF rate of return on capital
13 years sum of years digits depreciation
Zero salvage value

Operating Basis

1.
2.
3.
4,
5.

16 year plant operating life

50% operating capacity first year, 100% thereafter
90% on-stream factor

100,000 BPSD capacity

All process fuel/heat requirements shall be generated
internally from the original shale oil feed.

Operating Cost Basis

g Crude Shale 0il -- $40.00 per barrel
2. Cooling Water -- $0.03 per 1000 gals.
3. Electricity —-— $0.045 per kWh
4. Operators -- $12.00 per hour
5. Helpers -- $10. 50 per hour
6. Labor Supervision -- 25% of direct labor
7. Overhead -- 1007% of direct labor
8. Federal and State Taxes —- 50%
9, Maintenance, Local Taxes and Insurance -- 4.5% of fixed
investment
10.  Product Values -~ all liquid fuel products are of equal value
11. By-product Values
a. Ammonia at $155/short ton
b.  Sulfur at $105/long ton
Miscellaneous
1, Use English units
2. Mass flow rates

a. Barrels per stream day (BPSD)
be Short tons per day (ST/D)
Co Standard cubic feet per day (SCFD)

The processing schemes for the production of JP-4 and JP-8 jet fuels,
shown in Figures 16 and 17, respectively, are nearly identical except for the
size of the units. A naphtha hydrotreating and Platforming® unit are added

19

.’




to the flow scheme when producing JP-8. Various combinations of jet fuel and
diecsel fuel are produced by utilizing the same flow schemes by varying the
hydrocracking severity to produce the desired product slate. Overall mate-

rial balances for the maximum JP-4 and JP-8 jet fuel cases are shown in Table
19.

Operating Cost

The overall refinery operating costs for the JP-4 and JP-8 cases are
shown in Table 20. Operating costs are divided into direct and indirect
operating costs which are as follows:

Direct Operating Cost

Refinery Labor -- Refinery labor includes all the personnel for the
process units hired at $12.00 per hour for operators and $10. 50 per hour for
helpers. To arrive at a total labor cost, a 100% overhead allowance is added
to these base rates. A 25% allowance for supervision is also made.

Maintenance Allowance -~ The maintenance allowance covers normal
operating maintenance and turnaround contract maintenance for all refinery
equipment including process units, offsites and depreciable assets. An
amount equal to 3% of erected plant investment is allocated for maintenance.

Utilities —— Refinery fuel is generated internally for both JP~4 and
JP-8 cases. Power is purchased at $0.045 per kWh and cooling water is priced
at $0.03 per 1000 gallons. Boiler feed water is estimated at $0. 50 per 1000
pounds. Steam (600 psig) is generated at $0.68 per 1000 pounds (fuel pro-
vided from internal sources). All utilities are consumed at normal average
operating rates.

Catalyst, Solvents and Chemicals -- Catalyst consumption is based on the
expected catalyst life for normal operating conditions. Similarly, solvents
and chemicals are based on normal average operating usage.

Indirect Operating Cost

o,
o

Local Taxes —=— An allowance of 1% of erected plant investment, catalyst
and working capital is allocated toward local taxes.

Insurance —— An allowance of 1/2%Z of erected plant investment, catalyst
and working capital is allocated toward insurance.

Process Design and Capital Cost

Process designs were prepared for the first- and second-stage
hydrotreaters and for the primary conversion section, the hydrocracker.
These designs were based on the yields and operating conditions developed
from the specific laboratory and pilot plant data generated during the
earlier phases of this project. Each process design includes a heat and
material balance, characteristics of principal equipment, and a detailed
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process flow diagram. The heat and material balance includes stream quanti-
ties (mass and volume) and compositions (Hp, HoS, NH3, Hp0, light hydro-
carbons), molecular weights, flowing densities and enthalpies entering and
leaving each major equipment item, in addition to pressures and temperatures.

In order to.provide more definitive cost data for these primary units,
the process design was used as a basis for generating EFCEST (Engineering for
Cost Estimating) data. EFCEST data provide a sufficient level of detailed
project engineering work to appropriately describe the equipment required.
The EFCEST data were then used to prepare a detailed cost estimate with an
estimated precision of + 25% for first quarter, 1981,

Material balances prepared for the naphtha hydrotreating and Platforming
units, amine treating and sulfur recovery, sour water stripping, raw feed
desalting, ammonia plant and hydrogen production units include stream quanti-
ties and compositions. Considering the extent of UOP experience with these
types of units, reliable cost and utility estimates were provided without
preparing EFCEST data and detailed cost estimates. The material and labor
estimates provided for the above units were derived by scaling detailed
estimates prepared for similar units.

The use of UOP's linear programming (LP) capabilities permitted the
evaluation of numerous processing and product blending alternatives required
in this shale oil upgrading study. The linear programming technique, using a
multitude of mathematical calculations, allowed various alternatives to be
quickly examined to determine the best or optimal processing scheme. Once
developed, LP models were used to perform sensitivity analysis, wherein the
effect of varying feedstock value, product prices, quantities and specifica-
tion can be considered.

The UOP LP system was developed over the years to apply this powerful
mathematical method to the analysis of refinery "grassroots" and expansion
projects. LP techniques are effectively used in: feedstock evaluation and
selections, operations planning, financial planning for new facilities or
expansion of existing ones, and development of planned turnaround mainte-
nance. Combining the market data of product prices and demands with data
describing technology and economics factors, the LP model can be used to
evalaute many alternatives quickly and efficiently. Although the results are
a linear representation of reality, they can give the planner a logical basis
for a systematic approach to solving these problems.

To illustrate the mathematical relationships and the extent to which the
refinery interactions are considered, a matrix representation of the linear
equations are used to describe the refinery. In this arrangement, data
relationships cascade from one activity to the next, much the same way
material flows through the refinery. The model can consider the following
general components of refinery profitability:

° Availability of raw materials
° Component blending relationships and recycle streams
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° Process unit material balances

Addition requirements for product quality improvements

° Utility consumptions and conversions (purchase vs. internal
generation)

° Market demands for finished products

The constraints or limitations on the model are contained in the rows of
the matrix. The constraints considered in the refinery optimization are:

Raw material purchase limits

Unpooled utility limits to sale or purchase

Product quality specifications

Material balances on all streams in the refinery

Capacity limits in process units

Additive blending

Utility balances (choice between purchase and internal generation)
Product demands at market centers

Physical and social requirements (e.g., emission limits)

Investment in onsite process equipment and related offsite facilities is
handled in a manner that considers the non-linear relationship between capi-
tal cost and plant capacity. UOP's linear programming system has the ability
to recurse on the capital cost to ensure that the capital charges used by the
model are consistent with the calculated process unit capacity. The effect
of physical and social policy requirements can be evaluted by placing addi-
tional constraints on the model and evaluating the results.

The output of the LP program is in the form of reports that allow
management to evaluate the results in familiar terms including such items as:

Material balances including plant yields and product blends
Processing schemes

Utility balances

Investing requirements

Operating requirements

Production costs

In addition, the LP allows the investigation of the sensitivity of the
solution through a technique called post optimal analysis. This feature
permits the quantified measurement of varying key parameters such as:

Sales of selected products on various markets
Capacity of particular process units

Finished product qualities

Prices of products and feedstocks.

Utility requirements are estimated from the process design data and the
information provided for the auxiliary units. Utilities estimated include:
electric power, fuel, steam at recommended pressure levels, boiler feedwater,
condensate, and cooling water.
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In Table 21, the capacity and estimated erected cost (EEC) for
individual process units are shown. The costs for the JP-4 and JP-8 cases
are similar with the exception that a naphtha hydrotreater and Platformer
unit combination is included in the JP-8 case. The common facilities cost
includes such items as buildings, (process control house and substations),
electrical power distribution and area lighting, and site development in the
process area.

Offsite costs are influenced more by the characteristics of the site,
local regulations, and policies of the refiner than by minor differences in
process scheme. Allowances for offsite costs are included, with recogni-
tion of special requirements such as for waste treatment, where applicable.
The offsite facility cost estimates were based on 45% of the plant onsite
investment minus the cost of specified tankage capacity for storing crude and
products. This basis was used to estimate offsite facility costs as no other
design information was available. As such, the offsite cost is an order-of-
magnitude cost estimate and has no meaningful accuracy range.

The capital investment summary for the JP-4 and JP-8 cases are presented
in Table 22, The total capital investment is estimated to be $913 x 106 for
the maximun JP-4 case and $948 x 106 for the maximum JP-8 case.

Production Costs

The total costs of producing JP-4 and JP-8 are tabulated in Table 23,
Incorporating the feedstock cost, operating costs, capital charges, taxes,
and a 15% DCF rate, and assuming that all liquid products have equal value,
the cost of the total liquid fuel production from the maximum JP-4 refinery
is $52.26 per barrel of shale oil feed, and from the maximum JP-8 refinery is
$52. 74 per barrel of feeds The difference in cost is almost entirely due to
the higher capital cost of the JP-8 refinery.

The production costs can be stated on a '"per barrel of total liquid
fuel" basis. This is calculated by dividing production costs by the volume
fraction yield of liquid fuel. This calculation results in total liquid fuel
costs of $56.48 and $58.41 per barrel for the maximum JP-4 and maximum JP-8
cases, respectively.

SUMMARY

UOP Inc. has demonstrated innovative technology to produce high yields
of aviation turbine fuels from shale o0il. First-stage hydrotreating catalyst
stability was demonstrated during a six-month run. High quality jet and
diesel fuel samples were produced using a novel hydrocracking process scheme
which also allows improved catalyst stability.

Fundamental development work was done to quantify other aspects of shale
0il upgrading. The fouling tendencies of shale 0il derived materials were
determined and found to be highly dependent on sample history. No unusual
stability/compatibility problems were detected with shale oil/petroleum
blends. Various techniques were investigated to render non-toxic, the
argenic-contaminated used catalyst.
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It was determined that on the basis of 100,000 BPSD of raw shale oil,
92,530 BPSD of JP-4 or 81,370 BPSD of JP-8 could be produced. Shale oil
refining costs were determined after completing engineering designs of the
key process units. With a total capital investment requirement for the JP-4
and JP~8 cases of $913 x 106 and $948 x 106, respectively, and allowing for a
15% DCF rate of return on investment, the production costs, stated on a "per
barrel of total liquid product" basis, were $56. 48 and $58.41.

This study has demonstrated that state—-of-the-art, commercially
practical refining processes are available to produce high quality fuels from
shale oil at a cost which should make this resource an important part of our
energy supply.
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TABLE 1
FIRST-STAGE HYDROTREATING
OCCIDENTAL SHALE OIL
FEED AND PRODUCT COMPARISON
Feed Product
API Gravity at 60°F 22.9 26.7
Specific Gravity at 60°F 0. 9165 0. 8944
Distillation (D-1160), °F
IBP 376 370
5% 467 472
10% 570 508
30% 670 600
50% 712 698
70% 820 799
907% 953 940
95% = 984
EP = =
% Over 87 92
Pour Point, °F +65 +75
Viscosities
Kinematic at 122°F, ¢St 21. 94 11. 54
Kinematic at 210°F, cSt 5.268 3.473
Carbon, wt-% 84, 85 84,85
Hydrogen, wt~Z% 12.27 12. 63
Total Nitrogen, wt-7% 1. 51 1. 17
Sulfur, wt-% (ppm) 0. 64 (479)
Chloride, wt-ppm < 1.0 =
BS and W, vol-% 0.2 -
Conradson Carbon, wt-% 1.36 0. 45
Ash, wt-% 0.014 0. 001
Heptane Insolubles, wt-% 0. 34 0.01
Pentane Insolubles, wt-% 1. 65 0.07
Metals by Emission (AAS), ppm
Fe 45 (0.2)
Ni 6.7 (2.2)
v 0. 42 (< 0.1)
Pb < 0.1
Cu < 0.1
Na 11
Mo 1. 6
Arsenic, wt-ppm 27.5 <0.1
Bromine No. 23. 6 7.5
Oxygen, wt-% 0. 65 0. 34
Water, wt—% 0.05
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TABLE 2

SINGLE-STAGE HYDROTREATER

H9o0
NHj3
HpS
C1
C2
C3
Cq4
Cs
Cot

Total

Chemical Hydrogen Consumption = 581 SCFB

OCCIDENTAL SHALE OIL
PRODUCT YIELDS

Yields, Wt-% of Feed

0. 50
0. 50
0. 65
0. 03
0. 06
0. 09
0.12
0. 15
98. 86

100. 96




TABLE 3

FIRST-STAGE HYDROTREATING
ANALYSIS OF PREHEATER MATERIAL

Time on Stream, hours 3072
Dry Ash, wt-% 89.7
Carbon, wt-% 8.15
Hydrogen, wt-Z% 1. 18
Arsenic, wt—%Z (AAS) 0. 56
Sulfur, wt-% 1. 52

Emission Wt—-% Metal

Fe 2.4
Ni 0,12
Ca < 0.3
Mg < 0.01
Mn 0. 015
cr 0.025
Sn < 0,03
Cu 0. 017
Zn < 0.4
Pb < 0.04
Na < 0. 45
Mo 011
Si Major
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TABLE 4

HYDROCRACKING FEEDSTOCK

Occidental Shale 0il

API Gravity at 60°F
Sp. Gr. 60/60°F
Distillation (D-1160), °F
IBP
5%
10%
30%
50%
70%
907%
95%
EP
% Over

Carbon, wt-7%
Hydrogen, wt-%
Nitrogen, ppm

Sulfur, ppm

Pentane Insolubles, wt-7
Heptane Insolubles, wt-7%
Conradson Carbon, wt—%
Ash, wt-%

Bromine Number

BS & W, wt-%

Toluene Insolubles, wt-7%

Oxygen, ppm
Molecular Weight

28

32.0
0. 8654

390
469
495
581
663
760
898
958
988
97.0

86. 99
13. 41
780
139
0. 12
0. 05
0. 09
0. 001
1.1
0.4
0. 01
545
305
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TABLE 5

HYDROCRACKER PRODUCT DISTRIBUTIONS
HYDROTREATED OCCIDENTAL SHALE OIL FEED

Product Desired

Wt-7%
Fresh Feed
Ho Consumption, wt—%
Hg Consumption, SCFB

NH3
HyS
€17C3
Cq
C5=Ce
C7-250

250-EP
Total

Vol-%
Fresh Feed
Cq

C5=Cq
C7-250
250-EP
Total

Jp-8 75.25%
101. 61

* Product EP ~ 550°F
*%k  Product EP ~ 520°F
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Jp-8

100. 00
1. 61
921

0. 08
0. 01
1. 50
3.73
9.29
11.75

100. 00

5. 78
12. 62
13.76

80. 40*
112. 56

JpP-4

100. 00
1. 80
1029

0. 08
0. 01
1. 88
4, 80
11.03

oy P28

101. 80

71, 82%%

100. 00

7.43
14,75
14, 31

78, 68%**

115.17




TABLE 6

Jp-4 JET FUEL
PRODUCTION SAMPLE

USAF Specs.
API Gravity at 60°F 0. 751-0. 802 49,6
Sp. Gr. 60/60°F 0. 7813
D 86-Engler, vol-7%
IBP, °F report 202
5% 236
10% report 255
20% 293 288
30% 321
407 354
50% 374 386
60% 414
70% 437
80% 456
90% 473 max. 478
95% 495
EP, °F 518 max. 517
Freeze Point, °F -72 max. Below -70°F
Smoke Point 20 min. 28. 5
Vapor Pressure, 38°C 14-21 max. 0.8 1b.
Viscosity -20°C, cSt 3.207
Acid No., mg KOH/mg 0.015 max. 0. 012
Copper Strip Corrosion 1B max. 1A
Coulometric Sulfur, ppm 0.4 wt-% max. 737
Mercaptan Sulfur, wt—% 0. 001 max. 0. 0001
Coulometric N 0. 37
Carbon, wt-7% 84.23
Hydrogen, wt-% 13. 6 min. 14. 39
FIA, vol-Z%
P+ N 91.3
0 5.0 maxXe ot
A 25,0 max. 8.7
Combustion, Btu/lb 18,400 min. 18,700
Existent Gum,

Unwaghed/Washed, per 100 ml 7 mg max. 7.8 mg/4.0 mg
Naphthalenes, UV wt-7% 0. 28
Conductivity 50-300 1P s/M
Water Separation D 1094

Interface Rating 1B max. 1B

Separation Rating 1 max. 1
Demulsification No Emulsion

0il Layer Clear
No Scum
JFTOT
Temp., °C Min. AP mm Hg TDR Spun ASTM Code
260 150 1.5 15 0
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TABLE 7

JpP-8 JET FUEL
PRODUCTION SAMPLE

USAF Specs.

API Gravity at 60°F 37-51 46.0

Sp. Gr. 60/60°F 0. 775-0. 840 0. 7972
D 86-Engler, vol-%

IBP, °F report 288

5% 308

10% 401 max. 321

20% 352

30% 384

40% 412

50% 434

60% 455

70% 474

80% 492

90% 512

95% 525

EP, °F 572 max. 552

% Over 99.0
Smoke Point 25 min. 27.2
Freeze Point, °F -58 max. =54
Flash Point, °F 100 min. 100
Viscosity -20°C, cSt 8.0 max. 5. 670
Acid No., mg KOH/gm 0. 015 max. 0.01
Coulometric Sulfur, ppm 0.4 wt~% max. 499
Mercaptan Sulfur, wt-% 0. 001 max. 0. 00048
Carbon, wt-7% 84,63
Hydrogen, wt-7% 13. 6 min. 14. 14
FIA, vol-7Z

P+ N 90. 7
0 5. 0 max. =
A 25. 0 max. 9.3
Combustion, Btu/lb 18,400 min. 18,600
Copper Strip Corrosion 1B max. 1A
Coulometric N 0.7
Existent Gum,

Unwashed/Washed, per 100 ml 7 mg max. 4,1 mg
Naphthalenes, UV wt-% 3 max. 0.35
Conductivity 50-300 4 p S/M
Water Separation D 1094

Interface Rating 1B max. 1

Separation Rating 2 max. 1
JFTOT

Temp., °C Min. AP mm Hg TDR_Spun ASTM Code
260 150 0 1.0 0
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TABLE 8

HYDROCRACKING HYDROTREATED OCCIDENTAL SHALE OIL
TO DF-2 AND DFM DIESEL FUELS

Product Distribution, wt-%
HpS
NHj3
Ho0
C4 minus
Cs and/or Cg

Flash Point* to EP Diesel Fuel

Total

* Flash Point, °F

Hydrogen Consumption, SCF/B

32

Feed DF-2 DFM
0. 01 0. 01

0.10 0. 10

0. 06 0. 06

1. 68 1. 68

1. 00 2. 36

44.0 98. 55 96.19
101. 40 101. 40

133 140

800




TABLE 9

DIESEL FUEL DF-2
PRODUCTION SAMPLE

USAF Specs.
API Gravity at 60°F 32.9-41
Sp. Gr. 60/60°F
D 86-Engler, vol-Z%
IBP, °F
5%
10%
20%
30%
407
50% report
60%
70%
807%
907% 675 max.
95%
EP, °F 700 max.

% Over
Flash Point, °F 133 min.
Cloud Point, °F 20 min.
Pour Point, °F
Aniline Point, °F
Viscosity 100°C, cSt 1. 8-9.5
D 1500 Color report
Acid No., mg KOH/gm 0. 10 max.
Copper Strip Corrosion, 100°C 1 max.
Coulometric Sulfur, ppm 0.70 wt-%
Cetane No. 45 min.
Water and Sediment D 2709, wt-% 0.01 max.
Demulsification, 25°C
Particulate Cont., D 2276, mg/l 8 max.
Carbon Residue on 10% Botts.,

D 524, wt-% 0. 2 max.
Ash, wt-7Z 0. 02 max.
Stability, D 2274

Adherent gum, mg/100 ml 1.5 max.

Sediment, mg/100 ml

33

maxXe.

38.8
0. 8309

320
362
400
452
486
513
542
568
593
618
646
664
678
98. 5

134
32

5
173.1
3. 367
<2
0.018
1A
1.2
55.1
< 0. 005

No Emulsion
0il Layer Clear

8

0.11
< 0. 001

0. 45
0. 35

Total 0.8




TABLE 10

DIESEL FUEL MARINE DFM
PRODUCTION SAMPLE

USAF Specs.

API Gravity at 60°F report 38.7

Sp. Gr. 60/60°F 0. 8314
D 86-Engler, vol-7%

IBP, °F 348

5% 376

10% 420

20% ' 465

30% 498

40% 525

50% report 550

607 575

70% 598

80% 624

90% 675 max. 650

957 672

EP, °F 725 max. 680

%4 Over 99,0
Flash Point, °F 140 min. 144
Cloud Point, °F 30 min. 28
Pour Point, °F 20 max. 5
Aniline Point, °F report 173.1
Viscosity 100°C, cSt 1.7-4.3 3. 444
D 1500 Color 3 max. SIS
Acid No., kg KOH/gm 0. 30 max. 0. 021
Copper Strip Corrosion, 100°C 1 max. 1A
Coulometric Sulfur, ppm 1. 0 wt~% max. 1.9
Cetane No. 45 min. 55.3
Water and Sediment D 2709, wt-7% < 0,005
Demulsification, 25°C, minutes 10 max. No Emulsion

0il Layer Clear
Particulate Cont., D 2276, mg/1 5
Carbon Residue on 10% Botts.,

D 524, wt-% 0.2 max. 0. 11
Ash, wt-7% 0. 005 max. < 0,001
Stability, D 2274

Adherent gum, mg/100 ml 0.3

Sediment, mg/100ml e iy G L
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Reagent

10% KOH

10%Z H9S04
507% acetic acid

10% Nass

TABLE 11
SHALE OIL ARSENIC SOLUBILIZATION STUDY

Arsenic in Feed = 19 ppm

Arsenic, ppm
Observation In 0il

Emulsion stable, broken by

addition of isooctane/methanol. 10. 8
No emulsion formed. 16. 6
Formed emulsion which slowly broke. 14,7

Formed emulsion which did not break
with isooctane/methanol treatment.

1) One hour at 220°C under 100 ATM
of No-broke. 11. 7

2) Centrifuged at 7000 rpm, part
of the emulsion broke. 9.1
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TABLE 12

FIRST-STAGE HYDROTREATER SPENT CATALYST ANALYSIS

Sample Location Element, wt-%

Catalyst 1 Fe C N S H As Mo Co
Upper Section 6.3 10, 4 .47 9.3 1.6 2.4 + +
Upper Middle 4,5 10.5 . 34 8.6 1. 4 1.2 + +
Middle Section 1.0 13.4 .57 8.2 1.6 0. 32 + +
Lower Middle 0.4 13.3 .59 7.8 1.4 0.12 + +
Lower Section 0.4 14. 1 .67 7.5 1.3 0. 07 + +
Catalyst 2

Top 6.0 9,11 3.9 6.2 8.4 + +
Top Middle 3.7 10.2 «43 6.4 5.6 + +
Middle 1.9 10.1 43 5.7 3.4 + +
Bottom Middle 1.0 10.2 .85 5.8 1.6 + +
Bottom 0.9 10.3 022 5¢5 1.3 + +

+ = Present.
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TABLE 13

X-RAY DIFFRACTION DATA ON USED CATALYSTS

Compound Catalyst 1 Catalyst 2
Identification Upper Section Upper Section
Y Al203 m m
o §i0p t t
A10(OH) boehmite t
Fe()-x)S pyrrhotite m m
FeSy pyrite t
Cog, 84Nip, 16451, 04 t m

CugyAsy353) t m




TABLE 14

DIGESTION OF USED CATALYST

Used Catalyst Analysis: Arsenic, wt-7% 1. 16
Digestion Solution As Extraction, %
HySO4, wt=Z HNO3, wt=%
10 = 24
10 3 90
20 = 23
20 3 90
40 - 24
40 3 72

Thermally Treated Catalyst
Extracted in 40 wt-Z H3SO4

Thermal Treatment % As Removed
Temp, °C Gas Time, Hr Volatilization Extraction Total Removal
550 5% 0p 6 69 50 74
650 5% 09 2 58 53 80
250 5% 02 6 9 74 76

38
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TABLE 18

SHALE OIL COMPATIBILITY/STABILITY STUDY
] COMPARISON OF ANALYZED AND CALCULATED VALUES

p—

Analytical Calculated
cSt Viscosity cSt Viscosity
30 Vol~-7% Raw Paraho Shale 0il 27,54 29.2 29.66
30 Vol~7% Paraho Shale 0il
First-Stage Hydrotreated 25,17 26. 9 27.03
Vol-%Z Paraho Shale 0il
Second-Stage Hydrotreated 17, 38 17.5 17. 59
30 Vol-% Raw Occidental Shale 0il 27.97 28.0 28,55
30 Vol-% Occidental Shale 0il
First-Stage Hydrotreated 24,15 25.2 25.2
30 Vol-% Occidental Shale 0il
Second~Stage Hydrotreated 18. 06 18. 8 18. 73
Analytical Calculated
%4 Cy % Toluene % Cy % Toluene
Insol. Insol. Insol. Insol.
30 Vol-%Z Raw Paraho Shale 0il 3.23 < 0.01 3.36 < 0.01
30 Vol~% Paraho Shale 0il
First-Stage Hydrotreated 3.24 0.01 3.29 < 0.01
30 Vol~% Paraho Shale 0il
Second~Stage Hydrotreated 3.30 < 0,01 3.31 < 0.01
30 Vol-% Raw Occidental Shale 0il 3.21 < 0.01 3.32 < 0.01
30 Vol-7% Occidental Shale 0il
First-Stage Hydrotreated 3.00 0. 02 3. 27 < 0.01
30 Vol-7% Occidental Shale 0il
Second~Stage Hydrotreated 3.28 < 0.01 3.31 < 0.01
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TABLE 19

OVERALL MATERIAL BALANCE
MAXIMUM JET FUEL CASES

Max. JP~4 Max. JP-8
Feed wt~7 Vol~% We~% Vol~%
Shale 0il 100. 00 100. 00 100. 00 100, 00
Liquid Products
Gasoline = = 7.27 8.92
Jet Fuel JP-4 78. 83 92.53 ~ ~
Jet Fuel JP-8 = ~ 71. 47 81.37
TOTAL LIQUID PRODUCTS 78. 83 92. 53 78. 74 90. 29
By-Products
Sulfur (S Tons/CD) - 0.61 ~ 0. 61 ~
Ammonia (S Tons/CD) 1.91 ~ 1.92 ~
Water (Net Make) 0.72 0. 66 0. 72 0. 66
TOTAL BY~PRODUCTS 3. 24 ~ 3. 25
Streams Utilized as Fuel
Fuel 0il 13. 48 14. 30 7.73 8. 20
Naphtha = = 5.96 8.22
TOTAL FUELS 13. 48 14.30 13. 69 16, 42
Material Lost in Production
TOTAL LOSSES 4,45 ~ 4,32 ~
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TABLE 20

ESTIMATED OPERATING COST

(Millions of Dollars per Year)

Max. JP-4 Max. JP-8
Direct Operating Cost
Refinery Labor 9.01 10. 38
Maintenance 22.11 23,13
Utilities 20,09 20. 75
Catalyst and Chemicals 8.75 _8.96
TOTAL DIRECT OPERATING COST 59. 96 63.22
Indirect Operating Cost
Local Taxes 3.68 3. 86
Insurance 7.37 7.71
TOTAL INDIRECT OPERATING COST 11.05 11,57
TOTAL OPERATING COST 71.01 74.79
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TABLE 21

PROCESS UNITS CAPACITIES AND CAPITAL INVESTMENTS

Feed Preparation

LP Hydrotreating (RCD Unibon)
HP Hydrotreating
Hydrocracking (HC Unibon)
Fractionation

Fuel Gas Treating

Sulfur Plant

Hydrogen Plant (Steam Ref.)
Naphtha Hydrotreating
Platforming

Sour Water Treating

Fuel 01l Stabilizer

Common Facilities

TOTAL PROCESS INVESTMENT

Max. JP-4 Max. JP-8
(S Ton/SD) MM (S Ton/sSD) MM
BPSD Dollars BPSD Dollars
100, 000 9 100,000 9
100,000 59 100,000 59
102,920 97 102,920 97
94,340 169 100,745 177
- 7 = 8
- 4 - 4
(97.5) 6 (97.5) 6
(796. 4) 122 (813.9) 124
= = 6,535 4
- - 6,535 11
19,495 10 19,955 10
15,025 3 8,615 2
= Ll - _u
497 522

Note: Capital Investment as of lst Quarter 1981.
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TABLE 22

CAPITAL INVESTMENT SUMMARY
(Millions of Dollars)

100,000 BPSD Refinery Max. JP-4 Max. JP-8
Process Units Erected Cost 497 522
Allowance for Offsites, including
Royalties and Know-How Fees 296 308
TOTAL DEPRECIABLE INVESTMENT 793 830
Initial Catalyst Inventory 27 25
Working Capital Allowance ) 150
TOTAL CAPITAL INVESTMENT 913 948
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TABLE 23

COST OF PRODUCTION BREAKDOWN

100,000 BPSD Charge Rate

Max. JP-4 Max. JP-8

Operating Cost, $/Bbl of Feed 2.26 2.38
Cost of Feed, $/Bbl 40. 00 40. 00
Capital Charges for 15% DCF Return,

$/Bbl of Feed 10. 00 10. 36
Total Cost of Production,

$/Bbl of Feed 52.26 52.74
Total Cost of Liquid Products,

$/Bbl 56. 48 58, 41
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MILITARY JET FUELS FROM SHALE OIL

By
R. P, Long, H. F. Moore

W. A, Sutton, and F, H, Turrill

Ashland Petroleum Company
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SUMMARY

Ashland Petroleum Company began the work under Contract F33615-78-C-2080 on Feb-
ruary !5, 1979 to characterize two whole crude shale oils in terms of process=—
ability via the EXTRACTACRACKING process for the production of aviation tur-
bine fuels. Data and results have been presented at previous symposia on Phase
I and Phase II of the program. From the Phase II work nine (9) potential tur-
bine fuel samples were provided to the Air Force for evaluation.

This presentation provides data on Ashland's Phase III and Phase IV efforts in
the program. Work performed in Phase II1I was aimed at confirming final process
design estimates proposed in Phase 1 and producing sample lots of aviation tur-
bine fuels and other military type fuels. Our Phase IV program provides an
overall economic optimization study involving computer modeling.

This presentation is composed of three parts: (1) background to the contract,
(2) data from the Phase II1I pilot plant operating units and product quality, and
(3) data from the Phase IV economic evaluation.

BACKGROUND

The traditional source of aviation turbine fuels has been the refining of petro-
leum crude oil. The lessening world supply of crude oil, the increased cost of
crude, and dependence on foreign crude o0il sources have emphasized the need for
a secure and reliable source of alternate synthetic crude to provide the re-
quired military fuels essential to our national defense. Research and Develop-
ment efforts have shown that fuels derived from crude shale o0il present one of
the best potentials as an alternate source of military aviation turbine fuels.
As a result of this recognized need for alternate sources of aviation turbine
fuel, the Air Force awarded Research and Development contracts for the design
and operation of proposed processes on a laboratory and pilot plant scale.

The objectives and goals as defined in the original contract document are shown
in Slide 1 and the four-phased components of the contract program are shown in
Slide 2.

The major problems expected to be encountered in the processing of crude shale
0il are shown in Slide 3. The foremost problem to be considered was the high
nitrogen content and the approaches for removal of nitrogen compounds via the
EXTRACTACRACKING process. In Slide 4 we show the EXTRACTACRACKING process con-
figuration in this overall flow diagram.

Ashland's EXTRACTACRACKING process and the answers to the problems to be en~
countered by each of the six process modules is indicated in Slide 5.
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PHASE 111

The major objectives of Ashland's Phase III EXTRACTACRACKING work are shown on
Slide 6, and the steps used in our processing sequence are outlined on Slide 7.

Crude Shale Hydrotreating (CSHT)

The crude shale hydrotreater provides desulfurization, demetallization, olefin
saturation, deoxygenation, and denitrogenation. The low severity operating
conlitions are intended to minimize hydrogen consumption and denitrogenation
while increasing the relative proportion of basic nitrogen.

The average conditions used, and the product yield structure are given on Slide

8, and the average feed and product properties are shown on Slide 9. Aging
trends for heteroatom removal are shown on Slide 10.

Modified Reduced Crude Conversion (MRCC)

Fluid catalytic cracking (actually a modified version of our Reduced Crude Con-
version Process) cascades gas oil and heavier components into the jet fuel and
gasoline boiling range, and accomplishes a degree of heteroatom removal without
external hydrogen addition.

The MRCC feedstocks to be discussed in this presentation are shown on Slide 11,
and ghe yield structure and the feed and product properties for the 100% CSHT
>600 F base case are given on Slide 12 and Slide 13.

Lumped product distributions which were obtained for the various feedstocks are

shown in Slide 14. This slide points out the effects of high basic nitrogen
levels on conversion and distillate yields.

Recycle 0il Hydrotreating (COHT)

Hydrotreating of MRCC bottoms can be used to produce a low sulfur, reduced nitro-
gen fuel o0il, or to provide an upgraded recycle oil stream for further fluid
catalytic cracking.

The results of our recycle oil hydrotreating work are given on Slide 15 and
Slide 16.

Acid Extraction

Acid extraction removes a large portion of the basic nitrogen compounds without
the use of hydrogen.

The feedstocks investigated are listed on Slide 17, and the operating condi-
tions, feed, and product properties are shown on Slides 18, 19, and 20.
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A correlation developed from experimental data which illustrates the importance
of several extraction variables is shown on Slide 21.

Guardcase Hydrotreating (GCHT)

Guardcase hydrotreating removes the final traces of nitrogen and sulfur, and
prepares the feedstock for further catalytic processing.

The results of processing this operation on the extraction raffinates forming
the JP-8 pool are shown on Slides 22 and 23. Similar results for JP-4 pool pro-
cessing are given on Slides 24 and 25.

Reforming

In the EXTRACTACRACKING process, freeze point modification by a novel and inno-
vative reforming process is a major objective of the process. A secondary ob-
Jective is the production of a reformate fraction for use in gasoline blending.

Some results of our reforming work with the JP-8 pool are given on Slides 26 and
27; similar data on JP-4 pool reforming is shown on Slides 28 and 29.

Aromatic Saturation

Aromatic saturation reduces the aromatic content of the reformate to levels ac-
ceptable for aviation turbine fuels.

Conditions, yileld structures, and the properties of the feeds and products are
listed on Slides 30 through 33.

Final Products

The properties of the final turbine fuels produced are given on Slide 34. These
fuels met all established or proposed specifications.

The properties of the diesel fuels are shown on Slide 35, and the properties of
the gasoline blending component and a residual fuel are shown on Slides 36 and
37.
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PHASE 1V

The Phase IV effort was provided in order to evaluate, via computer modeling,
optimum economic regions of operation for this process. The modeling was ac-
complished on a specially modified version of a commercially available linear
programming system.

Slide 39 delineates the analysis bases utilized for this portion of the pro-
gram, Of particular importance, up~dated capital costs from Phase I, variable
response data from Phase II, and scale~up and aging data from Phase III were
utilized to define model input matrices. The process configuration described in
previous meetings of this type, as well as in the foregoing portions of this
presentation, were used with two exceptions. First, due to time constraints and
some experimental problems in Phase III, we were unable to prove operability of
the cycle oil hydrotreater and, therefore, have deleted this unit from the flow—
sheet for this evaluation. Second, we have provided the option to use the ni-
trogen extract as feed to a partial oxidation unit for hydrogen production.

Slides 40 through 44 present other bases and assumptions used during the evalua-
tion, For the most part, these factors were defined by the contract monitors to
be consistent between contractors, Optional values for fuel gas, propylene,
isobutane and n-butane have been added at the fuel oil equivalent of $40/barrel.
LPG is also included at a May 1981 posting.

Economic optimization was performed for both Occidental and Paraho shale oil.
These evaluations were accomplished by using a complete data matrix spanning the
region of operating interest, from minimum to maximum severity. The optimiza-~
tion goal was to determine the product <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>